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ABSTRACT: 1Ignition energy requirements were determined for propel-
ants ignited in a time of 2-5 milliseconds by suddenly compressed
inert gases. The twelve propellants tested included a wide range
of compositions. 1Ignition energy values for the 2-5 millisecond
range were found to be considerable smaller than ignition energies
determined by others for longer ignitfon intervals.

Due to difficulties in determining absolute heat tranafer to
solids exposed to a gas whose mass flow, pressure and temperature
vary simultaneously, ignition ensrgy values quoted must not be
taken as final. It 1s estimated that absolute energy values are
good only to % 35%; however, since many of the assumptions made
cancel when various propellants are compared in the same apparatus,
relative values should be good to * 5%.

The resul%s from these tests were combined with theoretical
treatment and other workers'! data for slower ignitions. It 1is
concluded that the energy required to ignite a propellant is a
function of the energy flux; at high flux rates less energy is
required. Consequences of this conclusion are discussed.

It is therefore possible to asystematlze many of the variables
encountered in ignition and to show that a simple thermal theory of
ignition holds over the entire time interval range encountered in
practical guns and rockets. Some applications of theory and data
are discussed.
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This report covers progress on basic research on ignition
mechanisms in solid propellants carried out under task NOL-
B2d-02-1-55. Results should be applied only where there 1s

a full understanding of the assumptions involved; they cannot
be regarded as definitive and final. The opinions expressed
are tne responsibility of the author and the Fuels and Propellants
Division of the Naval Ordnance Laboratory.
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Captain, USN
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IGNITION OF PROPELLANTS BY HOT GASES
- PART III. IOGNITION ENERGY REQUIREMEATS
AND HEAT TRAKSFER UNDER TRANSIENT CONDITIORS

I. IKTRODUCTION

The energy requirements for the ignition of propellants are of
considerable interest from both theoretical and applied viewpoints.
This report describes the determination of ignition energy requirements
for propellants ignited in a time of the order of 2-5 milliseconds
by hot, inert gases. The results from these tests are combined
with theoretical trsatment and other workers'data for slower ignitions.
It 18 believed that the result is the most complete picture of
ignition energy requirements which is presently available. In
addition, some ressults on the transfer of energy to solid surfaces
under transient exposures to hot high-pressure gases should be of
interast in the heat transfer field.

Previous reports (1,2,3) must be referred to for a complete
treatment of the locked-stroke compressor, recording apparatus, and
previous results.

II APPARATUS AND IKSTRUMERTATION

The locked-astroke compressor 1is designed to compress a gas very
Tapldly so that its temperature and pressure rise almost adiabatically.
The final 80% of the pressure rise occurs in from 2 to S milliseconds,
depending on the driving pressure end comquasion chamber pressure.

Thse maximum point of the compression pistons movemsnt can be
mechanically varied. Tho useful range of compression ratios 1is
approximately l4 to 30. The maximum allowable pressure is approximately
3000 psi. The maximum obtainable temperature varies with the gamma

of the gas and is over 2000°K for monatomlc gasas. As the initial
pressure end the compresaion ratio can be varied independently, the
pressure and temperature can be varied separately, within limits.

Tha compression piston is locked into position after only a slight
backwerd movement.

A pressuro-time trace 1s obtained through the use of an Aberdeen
C-AN type pressure transducer, an amplifier and calibrator, an
oscilloscope, and a drum camera.

Ignition is detacted by a photomultiplier tuhba which "looks™

tkhrough a window. The time of ignition 1s recorded by brightening
the pressure-time trace.

COXFIDENTIAL
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One modification has been added. A DuMont e 322-A doudble-
beam oscilloscope has been used in place of the 304-H. This has
allowed more precise recording.

IIXI HEAT TRANSFER EXPERIMENTS AND RESULTS

A.  Qutline of Methods Used

As the methods used for determining heat transfer are ncvel,
they will be described with some detail. The ideas and assumptions
involved are simple. In order to prevent confusion by details, an
outline of the ideas and assumptions involved i3 presented here.
The heat transfer calculations which involve the most assumptions
(those at the stagnation point of flow) are believed to be within
* 35% of the correct absolute values and probably are better than
this. :lost errors are of the conatant type and can be eliminated
by the application of a constant factor to the data when more
rofined methods become avallable. The relative accuracy of
ignition energy determinations for propellants is about % 5%,
though a propellant's variability may increase the spread in results
to a figure greater than this,

l. It was experimentally proved that higher pressures
obtained by compressing argon than with helium under identical
initiel pressures and compression ratios were due to the helium
transferring more onergy to the compressor walls than argon.

This was done by measuring the effect of increasing the earea
exposed to the hot gases by introducing s flat coil (of round wire)
with an area comparable to that of the compression chamber.

2. It was empirically determined from experimental data
that the pressure-volume relations of each gas was regular enough so
that adiabatic type thermodynamic equations could be used except
that the adiabatic gsmma (heat capacity at constant pressure/heat
capacity at constant volume) was replaced by a constant (specifioc
for the compressor used and different for each gas).

3. Equations for determining heat losses to the compressor
walls were developed from the above eémpiriczal equations and
thermodynamic lawvs,

. To determine the heat lost per unii arsa of wall 1% vas
necessary to correct the darea at the point of computetion for the
fact that some heat had been lost to the wells which were covered
by the preceeding portion of the compression stroke. This
correction was empirically determined by trial and error computation.

) 5. Large areas of copper, glass, and propellant-coated glass
were separately introduced into the compression chamber. These
were in the form of long cylinders (rods or wire) which had been

2
CONFIDENTIAL



CONFIDENTIAL
. NAVORD Report 3818

made into flat spiral coils so as to fit within the chamber. These
tests were compared with tests in which no colls were present.
Differences in heat losses between loacded and unloaded chambers

woere due to the introduced coils except for three corrections:

(a) Loaded chambers had larger cylindrical wall areas than the
unloaded chambers at equal compression ratios, due to the effects

of the volume occupied by the loading material on the f inal distances
at which a given compression ratio was obtained. (b) Greater heat
losses for the loaded chambers prevented the c hamber walls from being
exposed to the same temperatures present in unloadsd chambers umder
equal initial and final pressurs. (o) Competitive cooling by

nearby surfaces was greater in the loaded runs (same volume of gas
involved in heat conduction to more than one surface). Corresctions
for (a) and (b) were based on the area and temperature differences
invol+cd. Corrections for (c) were estimated from the differances
between results for s ingle oolls and those obtained using two coils,

6. The above experiments showed that any differences between
the heat transferred to solids of greatly different thermal propertiess
were within the experimental error and thus small or absent. In
other words, the properties of the gas are the controlling factor
in heat transfer from a gas to a solid when the gas temperature is
high and the time of transfer 1s short enough to prevent the rise
in the solid's temperature from significantly decreasing the
temperature difference .otween the solid and the gas.

7. It was thus possible o directliy determine heat losses
to any solid material in the plane of the face-plate or piston from
parts 3 and 4 above.

8. To determine heat losses to & short cylinder suspended in
the chamber, the no-flow calculations in 3 and wers multiplied by
the ratio of flow to no-flow transfer found in S and corrections
were included for the reduced inter-area competition for heat.with
the short cylinder as compared with a coil. This gave a value for
an area uriformly distributed around th, suspended cylinder.

9. In ignition experiments 1t was necessary to take into
account the fact that the localized rate of heat transfer varied
about the suspended cylinder (being greatest at the stagnation
point). This correction was estimated from available data on the
localized rate of transfer about a cylinder under steady-state
gas flow, making some allowance for the fact that flow in the
compressor was not steady-state.

10. A check of the accuracy involved in the measurements
and corrections applied for changihg from no-flow to flow conditions
was made. This was done by igniting one of the propellants both 1.
ths plane of the face-plate (no-flow) and as a suspended cylinder
(flcw). The amount of energy per unit area required for ignition
of ths flat sample should be the same as that required at the
stagnation point for the suspended cylinder. Within the precision

3
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set by the reproducibility of the propellant sample, the check
was good.,.

11. Changes in heat transfer with speed of compression were
roughly measured for two markedly different speeds. These
measurements indicated an increase in heat trm sfer roughly
proportional to the time of throw. As the apparatus 1is generally
cperated at the same compression speed, this will generally be
the source of only a small error and no corrections have been
applied for this. This type of error may become significant 1f
two gases with different gammas (C /cv) are being compared, or
very large differences in pressures arnd temperatures exist between
two determinations.

B. Early Experiments

During the course of some ignition tests, a long series of runs
were periormed under 1ldentical conditions (original pressure
in compression chamber, compression ratio, and driving pressure)
but with different gases, argon and helium. It was noted that the
helium runs had a greater excess of driving pressure than the argon
runs. The recorded pesak pressures for the argon runs averaged 10.3
higher than for the heliun.

According to the best data available on these two gases, they
were s8till ideal in behavior over the pressures and temperature
involved. This left the possibilities of leaxage or of heat
transfor to the walls. Shots that rebounded without locking had
been tested and .no evidence of leakage was found. It would also
be unusual that lesks would show uniformity. The most likely
explanation for the different results from the two gases seemad
to be that they lost heat at different rates to the walls of the
compression chamber,

To test whether heat transfer was the culprit, we inserted a

flat coll of heavy copper wire in the compression chamber, with

the plane of the coll parallel and near to the face-plate. The
coill area was comparable to thet of the chamber walls at the end of
the compression stroke. It was reascned that 1f heat transfer were
the cause of the discrepancy, then the increase in area should
reduce the pressure obtained with either gas, but should reduce

the helium pressure the most. This 1s exactly what was found.

C. Measurement of Heat Transfer Based on Pressure Changes

Exploration of the possibility of using pressure drop as a
basis for measuring heat loss was begun. By knowing only the
initial pressure and volume and the pressure and volume at the

L
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maxium point of compression, the amoun! of heat lost could be defined
to a value within fixed but farspread limits. The lower limit was

the heat lost during a compression cycle which reached the final
pressure and volume by first compressing isothermally and then
adiabatically. The upper 1limit was the heat lost during a compression
¢ycle which reached the final pressure and volume by first compressing
adiabatically and then 1sothermally. Figure la 1llustrates these
conditions. The area below line A 1s a measurement of the lower
1imit ‘and that below B ias a measurement of the upper limit, with

the area between A and B being the amount of uncertainty (path
dependent). In Flg. 1lb it is assumed that the pressure and volume

are known at one intermediate value. Clearly, such a point greatly
reduces the area of uncertainty.

The voluxe and pressure at a number of points during the
coxpression stroke were then determined. Three metallic probes were
projected from the face plate at known distances of projection.
Contact of the piston with these probes discharged a small capacitor
so that a short, sharp, voltage pulse was applied to the Z-Axis of
the oscilloscope. The pressure-time trace thus brightened at that
point. Additional points were thus fixed at which it was possible to
experimentally determine the volume and pressure simultaneously.

A plot of log V_/V versus log P/P, for the experimental values
obtalned gave a stragght line. This result meant that the gases
were obeying a regular type of law in which the adiabatic gamma ( )
was replaced by a non-adiabatic constant (unique for this compressc.-)
which has been called alpha (X ). The application of the method of
least squares to these plots gave values of alpha equal to 1.562 for
helium and 1.622 for argon. The Pearson correlation coefficient for
both of these lines was 1.00. These plots are shown in F ig. 2 for
argon and helium with heat loss and for an adiabatic compression.

The scatter 1s large in the low-pressure rogion because a large

part of the errors in pressure readings were constant in size

(about * 20 psi) so that they gave a much greater per cent effect

at low pressures. If gamma is replaced by alpaa in ths usual
equations for determining temperature, the temperature obtained will
be an average temperature. The terperature of any ceantral portion

of gas which has behaved adiabatically can be obtained by using gama
and me sured values of pressure in the pressure-based temperature
equation. As an example, a central value of 2093°K and an average
value of 1748°K was calculated for a helium compression. The alpha
values found were tested by trying them on many other runs covering

a wide range of compression ratios and initial pressures. These
showed rather convincingly that a good prediction of pressure could
be obtained by using experimentally determined alphas. It was thus
possible to do much better than determine pressures and volumes
simultaneously at a few points. They could be calculated at any point.

This made 1t possible to develop an equation for calculating the
heat lost up to or between any desired intervals of the compression

5
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stroke. Rates of transfer can also be derived from this data,
Thils equation was derived from a basic thermodynamic equation in
the following manner:

(1) Starting with the familiar -

dQ = C, dT - V 4P, where

P

Q = heat, Cp = heat capaclity at constant pressure,
T = temperature, V = volume, and P = pressure.

(2) The value of dP is found in terms of the empirical equation
involving a constant alpha -

P =P, (vo/v)«
dP = —otpovédv/vq+ 3 » where subscript f"o" indicates initial
atate.
(3) Substituting this into the original equation and integrating
4Q=cy(Te - T,) + Tc_'.(—a(' PoVo LlVolg Sy
1s obtained, where "f" indicates final state and A Q 1s the heat lost,
(4) Substituting, using the equation
Tp = Ty (/¥ X" 1, and simplifying -
A= (0 + e Poio)WVe/v) 1T

[}

01, = ghr— PVl 1o/ S

(5) By using the relationship PV = (cp-cv)'r we obtaln ~-
P V_(y-)
oo of =1

de= - ey | o/

PV, (v

i (p,/PcfﬁL—l

(v- 1)K~ 1)

6
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The last two forms of this equation are particularly convenient
for calculation purposes., With them the amount of heat lost to the
compression chamber walls can be easily calculated at any moment
in the compression stroke.

Although the alphas gave a good prediction of the pressures
experimentally found, there is reason to doubt their constancy at
low compression ratios. The area exposed to the hot gases can be
separated into a fixed portion (the end area of the piston plus
the equal area of the face-plate) and a variable portion (the
cyiindrical walls). The area at the beginning of the stroke 1is
considerably larger than that at the end of the stroke. This may
be partially counterbalanced by the much lower temperature gradient
at the beginning of the stroke than at the end. Our principal
interest in these alphas is with respect to their effect on the
amount of hesat transfer. Examination of the bracketed term in the
above equation (plus checks by actual computation) shows that
the amount of heat transferred 1s small during the low compression
region during which the principal change in area occurs. (only
17 per ceat of the heat loss would occur while an initial S per
cent of the change in wall area was occuring for a peak compression
ratio of 15 and using helium.) In other words, the major part of
the heat 1s transferred while the wall area shcws only a modest
change. In summation, it seems possible that alphas may not be
strictly constant for low compression ratios, but this probably has
only a slight effect on most of the heat transfer calculations.,

To translate results for the total heat loss to the chamber
walls to the heat loss per unit asrea of exposed wall at some
polnt during the stroke, some correction must be made for heat
lost to the walls which have been covered at that point. For a
slight movement of the piston the area would be the f inal exposed
area plus 1/2 the area covered by the piston movement, This
formula gives too large an area when the length of the stroke
becomes apprecliable, because the rate of transfer per unit of
movement incre¢ases as the piston moves forward. By trial and
error it was found that If the covered area was divided by twice
the square root of the compression ratio and this was added to
the final area, a close approxilmation to the correct area was
obtalned. By dividing the total heat loss by this value, the
smount which the final walls recelved per unit area (final
referring to the point of interest) was obtained.

It was thus possible to calculate the amount of heat lost to
each unit of exposed wall area at any point during the compression.

D. Heat Losses to Colls of Various Materlals Suspended in the
Compression Chamber

These experiments were designed to determine how large an
effect the thermal properties of a solid had on the amount of heat

7
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transferred to it under a transient exposure to hot, high-pressure =
gases and to obtain data on which heat transfer calculations to

short cylinders of propellants could be based. To obtaln significant

Pre3sure differerices the determination of heat losses was made on

long cylinders made into a flat coil. The materials tested and their *
thermal diffusivities in ¢.g.s. units were as follows: copper,

1.1}}; pyrex glass .0058; und propellant (principally nitrocellulose,

coated on pyrex glass) .0008.

Copper and pyrex glass were tested in the form of long thin
cylinders (wires and rods) coliled into flat spirals whose outer
turns were nearly the diameter of the compression cylinder. The
copper wire was .102" dia. and long enough to provide an area of
99.4 cm2, The pyrex rod was .107" dia.and provided an area of
111,6 cm2. The areas of these coils were comparable to those of the
compression chamber walls as can be seen by the comparable heat
losses tabulated in Table I. Three runs were made for each material
and for a blank; the runs being alternated. Adjustments were made
for the volumes occuplied by the glass and c opper coils so that
the trials were made under approximately equal compression ratios.
The effects of any slight differences in compression ratios were
eliminated by determining an slpha for each run and then averaging
for the group. Thess average alphas were used in the above developed
heat transfer equations to determine the total amount of energy
lost to each system under. cc iitions of equal final pressures and
equal starting conditions f .- the three systems. These values are
given in Table I. (Note t' at comparisons under equal compression
ratios give similar resulis but do not give as close a comparison .
because peak pressures and temperatures would be different for
different alphas). The blank values were corrected for the fact
that these calculations were for higher gas temperatures than the
walls of the loaded systems were exposed to, The bracketed term in -
equation 5 is equal to the temperature difference between the gas
and the walls divided by the initial temperature. The blank values
were reducod by multiplying them by the ratio of the value of the
bracketed term for the loaded system to that for the blank system.
A second correction was applied to increase the value for the blank
system to correct for the fact that the average cylinder wall area
exposed was smaller than for the copper and glass coll systems.
This was true because of ad justments necessitated by the volume
occupied by the glass or copper. These two corrections were applied
so that the amount of energy lost to the walls under the conditions
and areas holding for the glass and copper systems could be accurately
determined. Thesae corrections, though significant, were not large
as can be seen from Table I where corrected (column 6) and uncorrected
{(column 5) blank values are shown. There was some wall to coil
competition for heat in the loaded system. Ommlssion of a correction
for this has the effect of assigning a greater heat loss to the walls
of the loaded system than actually occurred. Similar effects are
discussed further in this section, and an estimated correction has
been used in applying this data to short cylinders. By subtracting
the values in column 6 of Table I from the overall values for the

8 . -
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loaded system; the heat lost to the colls alone was obtained.
Division of these values by the respective arsas of the colls

gave the beat loss per unit area of coll. Thils was an average

value for an area equally distributed around the rod's circumference.

A propellent was tested in the form of a 15 to 20 micron thick
coating on glass coll supports. This coating was principally
nitrocelluloss. It was prepared by dipping the coils in a solution
of IHBE-152 propellant (96.1(6% KC (12.6N), .96% diphenylamine,

2.988% Kzso%. and 4.77% total volatiles) in ethyl acetate and
allowing to dry; rspeating the process until an adequately thick
coating was obtained. To prevent wetbing between turns of a coll,
it was necesszry to use colls with a greater spacing hetween turns
than for the above runs. So that a large cooling surface could
still be mainteined, two coils were mounted parallel to each

other and with a spacing of about .10" between colls. This gave
less cooling per unit area of coll than the single coll arrangement,
due to the crowding causing an increase in competition for heat by
ed jecent areas. The error introduced by not correcting the transfer
to the cylinder walls for coll to wall competition 1s also increased;
making the values found for the colls appear to be appreciably less
than they ere. By making tests wlith the same glass colls, bare

and coated, en excellent comparison of heat transfer between glass
and propellant could be obtained. As good single coll data for
pyrex glass had already been obtalned, single coll data could be
indirectly obtained for the propellent coated glass.

Heat tranafer values for these dual coll experiments are also
given 1in Table I, using the same type of calculatlons as for the
single-col® data. As expected, double-coil values were much smaller
than singl.-coll values. Differences between the two materials,
were small, but were observed with both argon and helium as
operating gas. The propellant coated colls actually gave slightly
larger values than did the glass. These differences are probably
within the errors involved in the measurements. Such a difference

would be in opposition to thermal property origin, but a greatar

degree of surface roughness for the propellant might be a plausible
explanation,

These experiments showed that about the same amount of heat was
transferred to surfaces of coppsr, glass, eand propellant. Greater
crowding in the double-coll experiments resulted in a lower heat
transfer per unit area than for the single-coll experiments. This
effect was large onough so that an adjustment for the reduced
surface to surface competition for heat present for a short cylinder
compared to & single coll was applled in the following sectilon.

Apparently, the difference in temperaturs between the gas
and sclid 1s the determining factor 1n heat transfer from a given
gas. The fact that the amounts and rates of heat transfer to
materials differing by a factor of as much as 1400 in thermal

9
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properties were almost identical shouid be generaliy trus when the
increase in surface temperature is only a amall fraction of the
temperature differcnce between the solid surface and gas. This
condition is met under the short times of application and high
gradients existing during the compression stroke of thes apparatus.
Here there are temperature differences of the order of one to two
thousand degrees Xelvin and surface temperature rises varying from
a few degrees for the copper to a few hundred degrees for the
propellant. It should be noted, however, that the surface
temperatures reached by solid surfaces under equal heat transfer
rates are quite dependent on thermal properties of the solid.

The suspension of the coils within the chamber exposed them
to gas flow, varying duslng the stroke from O to maximum values of
tha order of .5 mole/cm? ses. The valuesof heat transferred per
unit area for the single coils were thus larger than for unit area
of walls, as thore 1s no flow involved in tranafer to the piston
end or to the face plate. Values of this flow/non-flow ratio were
needed for calculations below. As all the materials behaved sim-

‘1larly, the values for glass were used because less scatter was

present in these data. Ratios were 1.05 for helium and 1.93 for
argon.

R Heat Transfer at the Stagnation Point of Short Cylinders

Inhibited-end cylinders of propellant were used as samples in
the tests on which ignition energy determinations were based. This
shape may be considered as a short form of the above coil. We
would thus expect that a similar amount of energy would be -
transferred per unit area of cylinder as per unit area of coil.

To apply heat transfer data from colls to the calculation of
transfer to cylinders, adjustments were mesde for thes non-existence of
intra-coil and negligible cylinder to wall competition for heat.
Ignition would be expected to occur at the point of maximum heat
transfer (stagnation point), 8o sverall values wers changed to
localized values for the stagnation point rep.ons. We were thus
able to base heat loss calculations on pressure differences
resulting from large area changes and epply the results to cases
where pressure differences would have been too smalil to measure.
The determination-of the heat transferred per unit area of wall
at any point during the compression stroke has aliready been
discussed. Theas calculations were utilized by expressing the
results in terms of the ratio of the transfer per unit area at
the stagnation point to that at the walls.

The single-ooil values were arbitrarilly increased by 20%
to obtain values for short cylinders whare there is little inter-
surface competition for heat. This eatimate was bascd heavily on
the differences in energy transfer valuee found between the double-
coil and single-coil experiments. Such values are overall values
for areas distributed uniformly about the circumference of the
cylinder. It has been shown (},5) that, under steady state
conditions for a cylinder suspended in flowing gases with its
longitudinal axis normal to the direction of flow, the maximum
ratio of the heat transfer rate at the stagnation point to the
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overall value is 1.7 and for low flow rates is slightly less.

The direction of flow about a cylinder of propellant mounted in
our compressor with its longitudinal axis parallel to the face
plate meets the above conditlions. The flow rate i1s definitely not -
steady state, however, differing in the following ways: 1l. The
flow rate continuously changes during the compression stroke.

2. It increases with the distance of the cylinder surface from

the face-plate. 3. The surface lsyers about the cylinder (and all
other layers) are continuously being heated during the compression
and also increasing in preasure and density. we have definitely
seen evidence, on samples which were discolored or partially
decomposed but did not burn, that there was more discoloration and
deconiposition (thus heat transfer) at the stagnation position.
There was weak evidence of higher than average heat transfer at a
position dilametrically opposite the stvagnation point, which is also
in agreement with the higher than average transfer predicted there -

.under steady state flow S). With ths above as a basis, an

arbitrary factor of 1.5 was selected to change overall values to
values at the stagnation point. A qualitatively similar factor

was inferred by noting the increase in conditions needed to cause
aample darkening to spread from the stagnation point until the entire
cylinder was darkened for some samples.

If we apply these two corrections to the above-given values for
single-colls, we obtain ratios of 1.89 for helium and 3.47 for argon.
These values are for the amounts or rates transferred at the
stagnation point of a suspended cylinder versus the amount or rates
transferred at the walls.

As the correction factors used above were given rather
arbitr values, an attempt was made to experimentally verify them,
Arcitoaiﬂl was the only propellant which seemed 1likely to receive
enough energy to ignite as a flat surface on the face-plate,
A disc of Arcite lﬁg was imbedded in & disc of modelling clay which
partially covered the window In our compressor, with the clay
8lightly overlapping the disc edge. Only a flat surface was thus
exposed to the gas. This was approximately in the plane of the
face-plate so that flow was negigible. If the factors were
correct, then the same values of ignition energy should have been
found with the suspended cylinders using those factors, as were
found for the flat surgaces using a factor of unity. For helium
& value of ,121 cal/cm? was obtained for flat surfaces and
.117 cal/cm® for cylinders. For argon a vglue of .086 cal/cm2 was
obtained for flat surfaces and .116 cal/cm? for cylinders. This is
a good check considering the ascatter in rssults due to inhomogeneity
of propellant. The checks are by no rmesans perfect, however, and we
are trying to further refine our data by the direct measurement of
surface temperature with a thin thermocouple.

F. Changes in Heat Transfer with Speed of Compression

To test this offect helium gas was used, the exposed area was
increased with a copper coll, and driving pressures were alternated
between 220 psi and 280 psi. The compression speeds alternated
from 3.7 milliseconds to 2.7 milliseconds for the final 80X of the

11
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The amounts of heat transferred per uniE area of the compos

system changed from .1l to .085 cal/cm®, the greater quantity being
for the slower compression speed. We thua found that there was a
25% decrease in the amount of heat transferred when the speed was
increased by 365. The rate of transfer for the faster throw was i
only 2% higlier than for the slower throw. The amount of heat

transfer is thus closely proportional to the time of throw for the

two points measured,

This change in the amount of heat transfer with compression
time 1s undouvtedly the source of some of our scatter. Ordinarily
only a slight excess of driving preassure 1s used over that required
to lock the piston. Tests will thus ordinarily be made at similar
driving speeds. huns which are made so that large differences in
compression ratios are ootained or in which gases of different
gammas are used will siaow appreciable differences in driving speed.
This corroborates some observations made in an earlier report
(2, p.9), in which some discrepancies were attributed to differences
in driving speeds.

G. Further Discussion of Heat Iransfer

In earlier reports (2,6) an hypothesis was advanced for the
calculation of heat transfer to a solid from a gas. Thils hypothesis
was based on the frequency of collision of the gas molecules with
the solid surface, their average energy, and a proportionality factor.
Some ignition data indicated that the proportionality factor varled
with the gas. The possibility of this being due to the differences
in accommodation coefficients arising from different molecular
welghts and for dlatomic gases the possibility of different accommoda-
tion coefficients operating on rotational energy exchange was
mentioned. The present work indicates that this discrepancy in
proportionality factor was due to differences in molecular weights
but was purely a- flow effect for monatomic gases. From Table I it can
be seen that for transfer to the wall surfaces the ratio of the amount

" of heat transferred b{ helium to that transferred by argon 1s 2.8,
J

This compares favorab with the value of 3.2 predicted by the
hypothesis and assuming a constant proportionality factor. For transfer
to the colls the values in Table I give a ratio of 1.5, showing clearly
that the effects of flow enhance the effectiveness of heat tranafer of
argon more then for helium. The ignition data was from samples which
were mounted so that flow was definitely a factor. Although we have
investigated the heat transfer properties of nitrogen, we intend to
refine our work before drawing conclusions. One complicatlon present
in nitrogen calculations is that this gas 1s imperfect enough over

the temperatures and pressures covered to show changes in gamma
sufficient to cause significant effects in heat transfer calculations,

The alphas which we used in our heat transfer equation for
calculating heat losses to the walls are, of course, directly

12
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applicable only to our particular compressor syastem. It would be
quite useful if we' could oaloulate heat losaes for other ¢ompression
aystems. By making the assumption that for e given gas under equal
starting preassures and temperatures and the same compression ratiocs
the same amount of heat will be loat per unit ares of wall,
regardleass of the system, we can do this. Then we only need to
oslculate the amount of heat loast per unit area of wall for our
system and multiply this by the area of the other system's walls

at ths point of comparison. Alternatively, we sould make this
assuption for a given set of conditions and work backward to obtein
an alpha for the other syatem. This new alpha could then be used

d over a large range of conditionas. Some correotion for different
apeeds of oompression oould be applied from the above date on %this.
Poasibly, differences arising from different length to dlameter
ratios may exist. We hope %o experimentally determine how mmoh

the heat transfer at the oylindrical walla (whore a poculiar type

of flow 1a involved) differs from that at the piston end and
face-plate.,

- IV TEE DETERMINATIOR CP IGHITION ENERGIES
‘. OF A SERIES OF PROPELLANT3

Thsae determinations simply smounted to the application of the

. beat transfer results to fgnition experiments given in an earlier
report {(3). The compositions of the propellant samples and their
preparation, mounting, and testing are described in that report.

& A few recent teats with flat semples of Arcite 141 have already
besen moentioned, but otherwise the ignition energy values are based
on experiments in which cyl.ndriocal samples with inhibited ends were
used. .

Ignition energles were determined from tests in which the minimum
sonditions necessary for ignition were involved. These ignitions
may occur at, before, or after the peak pressure and temperature
for a given test, but the important heat transfer period ooours before
the peak. The atatistical nature of ignition 1s discussed in
reference 3. If wo made a number of tests under the same minimum
conditiona, soms of these would ignite at the peak. These ignition
energlea are thua considered to apply for ignition processes in
which the energy is transferred in thres milliseconds (during which
the rinal 80% of the pressure rise occura). If we want the
probability of ignition occurring at or before the peak to be high,
. a small increase in the minimum energy for three millisecond ignition
(of the order of 10%) will do this.

Table 2 liats the results of our ignition energy determinations
on propellant ocylinders with inhibited ends and using helium and
argon as gasea. Average values and averags values increased by
ten per cent are also listed. Average values range between .12

13
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cal/cm2 for Arcite 1l}1 and greater than .33 for EX-7077. These

ignition energy values are much smaller than those given by other . &
investigators (7,8,9), but their work was carried out under
conditions giving much longer ignition times. The argon values
average 18.%5 lower than the helium values. This difference
probablv is a result of constant errors in our heat transfer cal-
culations and cen be corrected by application of a constant factor
upon refinement of measurement. The average values are probably

better velues than those for either gas, but errors were probably

greater in the argon heat transfer determinations. (The coil
experiments ylelded smaller value3s of heat transfer with argon
than with helium; thus, errors of fixed magnitude loomed larger
with respect to the argon rebSults.) In view of the amallness of
the discrepancy, the results are in good agreement with our
earlisr expressed ideas (2,6) that ignition energles should be
independent of the donor gas.

The propellants in Table II are arranged in the order of their
relative ifgnitabilities reported in reference 3. For 1nhibited-end
cylinders that arrangement was based on the lowest peak pressures
and temperatures which would bring about ignition, the highest peak
conditions which falled to bring about ignition, end the values of
peak ¢onditions at which ignitions occurred but burning did not
propagate (for some samples). Values of ignition lags for many
propellants tested in the form of t hin, stacked discs were also
included in arriving at this order. The ignition energy values
tabulated in Table II were derived only from the minimum peak
conditions which would bring about ignition for inhibited-end
cylinders. The order is essentlally unchanged from the order derived \
from the relative ignitability tests. This correlation is clearer
if comparison 1s made from a graphic chart in the previous report
(3), in which the degree of overlap between samples is shown.

Experimental scatter plus poor homogenelty of samples is probably v
responsible for some of the variations present, particularly for
OGK.

The correlation of ignition energies with chemical ccmposition
13 parallel to the earlier discussion of the correlation of relative
ignitabilities with chemical composition (3). Some recent tests
with explosives have ylelded similar ignition energles to propellants
of similar chemical structure. These results will be given in a
later report, after a wider range of explosives have been tested.

V CORRELATION OF THESE AND OTHER DATA WITH THEORY

A. The Reduction of Irnition Energy Reouirements by an Increase
in Eneryy rFlux

Lewls and von Elbe (7), Shook (8), and Enig .9) have reported
ignition energy values. Enig's calculations cover a range of
ignitions occurring in from 150 milliseconds to 30 seconds, being

1Y
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based on data from the ignition of propellants by hot gases by
Brier, Churchill, Thatcher, and Englibous for forced convection
{(5,10,11) and Bickford, Conant, Wachtell, and Roth (4,12) for
natural convection. Those experiments also included a variety of
gases and conditions. The propellants wa have tested do not

include M-2 propellant, but its compozition is intermediate

between that of JPN and IHBE-152. We have thus estimated its ignit-
ion energy_as being an average of those two propellants and equalling
.25 oal/om2 for the 10% above average value, which corresponds to a
high ignition probabllity after a 3 millisecond time of heet
transfer. Enig showed that the University cf Michigan and Franklin
Institute experiments were carried out under such conditions that
the maximum and minimum flux were quite close. Constant flux can
thus be assumed and, by dividing hils ignition energles by the
ignition times, the flux for each test can be obtained. For our
data an average flux was obtalned by dividing the ignition energy

by three milliseconds. Note that this is an average flux and not

a oonstant flux. Jt was thus possible to obtain ignition energy
versus energy flux for a range of ignition times varying from 3
millizcconds to 30 soconds.

The above relationship 1s plotted in Fig. 3 for M-2 propellant.

" The log=-log plot gives a straight line relationship over ths entire

range and the 1line can be reasonably extrapolated to a high flux
region which would give ignitions in a time of 100 microseconds.
There 13 thus a regular decrease in igniticn energy requirements as
the flux rate increases for the entire range of ignition intervals
encountered in rockets and guns, '

Figure I 1s a log-log plot of ignition energy versus time of
ignition., Figure S is a log-log plot of energy flux versus time of
ignition. Figure 6 is a log-log plot of ighition temperature versus
time of ignition, These graphs give useful straight line relstion-
ships, but care must be taken not to draw conclusions from them
which are in conflict with Fig. 3. The ignition temperature data
was taken fiom Franklin Institute calculations (l,11) on University
of Michigan and Franklin Institute data.

B. A Thermal Theory of Ignition and a Graphic lodel for Applying
this Theory.

The data in Fig. 3 plus the Franklin Institute data on ignition
tomperatures provide strong proof that a simple thermal theory of
ignition holds quantitatively over the entire ignition range
encountered in guns and rockets. Thils theory simply assumes that
ignition of a propcllant'occurs vhen the external source of energy
increases the propellants temperature to the point that vhe decomposi-
tion rate is sufficient to cause self-supporting burning. The rate of
energy transfer, duration of transfer, and thermal properties of
the propellant determine the surface temperature history and gradient
within the propellant. The chemical properties of the propellant,
of course, determine the effect of temperature on the decomposition
and the overall rate necessary to produce enough heat to support

15
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combustion. As less energy is required to reach a given surface S

temperature when the energy flux is increased, less energy is
needed for 1gnition as the flux is increased. This 1s partially .
counterbalanced by the fact that higher surface temperatures must
be obtained to support combustion when the thermal gradient is
Increased LY an increase in flux. (The thickness of the zone in
which decomposition 1s occurring decreases and there 1s also a
higher sub-surface rate of thermal diffusion.) Ignitions may
occur in which the role of the external source is reduced, but these
will be longer than those considered satisfactory for rocket or
gun ignitions, or, will be unsatisfactory in other ways, such as
irregularity or by a dangerous accumulation of incompletely burned
products,

A graphic model based on the above theory is shown in Pig. 7.
This model 18 constructed by first making a log-log plot of -the
iné¢rease in surface temperature versus the t ime of energy transfer.
For a constant energy flux this surface temperature can be determined
by the application of the squation shown in Fig. 7.(taken from
Carsiww and Jaeger (13)) to a material of known thermal diffusivity
and thermal conductivity. The thermal properties used in Fig. 7
were taken from Shook's determination for JPN propellant (8). Judging
from Rainbird and Ward's data (1), these are probably quite close
to those for M-2 propellant. Once the simple calculation of the
increase in surface temperaturse versus time has been made for a given
flux, a family of curves covering a wide range of fluxes can be
constructed as shown. As the product of the flux and time is
equal to the energy input, it 1is also quite simple to construct a
family of constant-energy lines, as shown., Up to this point no s
restriction has been placed on the original amblient temperature,
except that the thermal properties of the propellant must be
applicable over the range covered., To plot a definite value of
temperature on this graph, a value must be assigned to the ambient
temperature. The ignition temperature versus time line taken from
Fig. 6 1s plotted for three different ambient temperatures.

The use of this graph can now bo 1llustrated. If elther the
ignition energy, energy flux, ignition time, or ignition temperature,
13 known,values of the other three can be immediately obtalned,

These varlables are simply read where the known variable intersects
the ignition temperature line.

The ignition temperature line was drawn for three different
ambient temperatures to show the chenge in ignition energy require-
ments with changes in the ambient temperature of the propellant.
(Note that these linss ars astraight but diverga.) It can be easily
seen that at an ambient temperature of 236°X (-35°F) and a flux of
160 cal/cm? sec., 1.6 times as rmch time and energy_are needed as ;
at 322°K (120°F). Similarly, at a flux of 5 cal/cm? sec. a factor
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of 1.9 1s involved. This large change in ignition energy require~ °
ments with ambient temperature is one of the important factors :
responsible for the large changes in ignition behavior with

changes in the ambient temperature of the propellant.

The power of this model may be better realized by noting that
At contains all the intormation in the previous four graphs plus
much other information. We have been using it for several years as
a basis for testing the thermal theory of ignition. This model
Places stress on the rate of energy delivery =—ather than the ager
delivorin% it. Although our data is from hot gases, the model should
be generally applicable where the heat is transferred vy a conduction
or convection proceas. This includes hot gases, hot solids, hot
liquids, heat released from a phase change of the ignition products,
and heat released from the recombination of dissociated molecules.
The energy required for ignition by radiation would be expected to
ba larger as the absorption does not all occur at the surface; thus
equal energy fluxes and %imes would lead to a lower surface
temperature than if absorption were all at the surface plane. This
i1s borne out by Shook's work (8) with JPN propellant. His ignition
energies from & radiant source are larger than would be expected
for transfer by a convection or conduction process. Courtney-Pratt
and Rogers have shown this quite clearly by recent work {15). They
showed that the initiation energy (by radiation) required for
silver azide can be markedly decreased by increasing the absorption
coefficient by the addition of a dye. (This energy was also quite
similar to the extrapolated value we would get for M-2 propellant
at the less than 61 microsecond time of heat transfer involved.)
It is conceivable that energy arising from chemical or catalytiec
action of the ignition system products with the propellant surface
might be treated as Just another thermal source; however special
assumptions would hase to be made, such as considering the attacked
layer of the propellant surface as part of the ignition energy source
and the surface beneath this as being the ignited surface.

Thermsl properties, particularly thermal diffusivities and
conductivities, may be very important in determining differences in
ignition energles and relatise ignitabilities of propellant.
Clearly it would be expected that a material with a high thermal
diffusivity and conductivity would acquire a much lower surface
temperature than one of much lower thermal diffusivity and
conductivity under equal conditions of rapid heating. Thermal
properties csn conceivably have a large range for propellants.

The determination of the actusal voriations is important. The

effects of metallic additives, such as the incorporation of fine
wires, or of inorganic salts in even small quantities might be

more important than realized. (The values of thermal diffusivities
for some typical materlials in c.g.s. units are 1.1l for copper,

.0058 for pyrex glass, and .00085 for JPN propellant.) If only
more thermal data were available, the ignition energles in Table II
could be used to assess the relative importance of thermal properties
to chemical properties in determining these values. Thermal
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properties of propellants have been reported by Shook (8), Altman
(16), Ward and Nicholson (17), Rainbird and Ward (1}), Thiokol
Chemical Corporation (18), and Atlantic Research Corp., (19).
Rainbird and Ward's dsta are sufficient to show one atriking fact
The thermal conductivity of the only high nitroguanidine composit
which they teated was more than fifty per cent greater than for
’ any one of a series of S,C. and related cordites (double-base
compoaition consisting principally of nitrocellulose and nitrogl.
Zhese cordites varlied by only about twenty per cent among thsmse{
This 18 directly in agreement with the much higher values of igni
energlies found for propellants containing large quantities of .
nitrogusnidine than for ordinary double snd single base propellan
The poor 1gnitabilities of cool picrites may thus be a direct res
of their different thermal properties. If we accept this, then
improvement of their ignitabilities by reducing the accumulation
"f1zz" products must be simply considered as one method of allevi
ing a condition which has its roots in thermal properties which
necessitate a greater transfer of energy fo. a given temperature
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rise than is required by ordinary double and single base propellants,

The above thermal theory is quite similar to the thermal the
of Lewis and von Elbe (7) and Frazer end Hicks (20,21), but diffe
in the following aspects: 1, There is no indication of the exist
of a minimum ignition energy over the entire ignition time range
guns and rockets, so the hypothesis of Lewls and von Elbe that
ignition energies will approach a constant value is omitted from
theory. It 1s conceivable that such an absolute minimum value ma
t - be reaohed under conditions sufficient to cause ignitions in & fe
microseconds or less. From 100 microseconds on up to much larger
times of ignition the concept of a minimum ignition energy seems
only to have meaning if we relate it to some definite value of
energy flux. 2. We have focused attention on the rate of energy
tranafer rather than the tranafer coefficlient. We consider the
tranafer coefficient as being only one of the variables involved
determining the rate. This simplification permlitted the construc
of our graphic model. 3. We have explicitly stated that thes sur
temperature necessary for ignition must increase as the energy
tranafer rate increases and have given reasons for this, Previou
workers hwve been vague on this point., Hicks and Frazer stated
that if the ignition temperature is assumed to be a constant then
a graph such aa Fig. 3 should give a slope of one. Actually, the
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slope 18 0,79, in line with the requirement of a higher temperature

being required for ignition as the tranafer rate is increased.
This increase in temperature requirements is also supported
directly by the data in Fig. 6, but the data points do not cover
&3 wide a range as in Fig. 2. The assumption of a constant
ignition temperature will thus lead to low results in ignition
energy calculations, but i3 still a useful approximation in the
absence of data on ignition temperatures taken at several rates o

* transfor.
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C. ome A L of Theo

Our data covers ignition energy data for a series of twelve
propellants at a three millisecond ignition time. Ignition data
18 presently avallable over a wide range of ignition times for only
M-2 propellant, although some experimental data is yet unanalyzed.
Hore data should become avallable by the continuance of present %
programs such as those at the University of Michigan, Franklin
Institute, the Bureau of Mines (22), Chattanooga Unlversity (23),
and NOL. Although extension of ignition and thermal property data
w11l greatly expand and simplify the application of ignition energy
data to practical problems, we already have enough information to
begin such work. Our data 1s for an Ignition time which 1s comparable
to that of many guns and some rockets. It can be seen by reference
to M-2 that 1gnition energles change slowly enough with changes in
flux to permit a modest extrapolation of our data. In this way we
can cover the major portion of the range of ignition times occurring
in guns end rnockets. The series of propellants that we have
tested covers a fairly wide range of propellants and can be extended
by interpolation to cover many closely related propellants. We
might thus begin to look for practical comparisons and applications.

It would sesm that if the area of a propellant were multiplied
by its ignition energy requirements per unit area under fluxes
approximating those 1n practical systems, a quantity approximating
the ignition energy requirements of a propellant system would be
obtained. We are presently trying to determine how dominant this
factor 1s with respect to other variables for existing gun and
rocket systems. The comparisons we have so far made have shown a
surprisingly close correlation for guns, but have indicated that
rockets require considerably more than this quantity (less efficient
utilization of energy from the ignition source).

We have already pointed out the large changes in ignition
energy requirements with the amblent tempersture of the propellant,
A quantitative analysis of this effect for a wide range of propellants
will require more thonnal and ignition temperature data. It is
olear from Fig. 7, however, that this change will be large for all
propellants., Thus, this brings out the important fact that ignition
systems which deliver more energy (or deliver it mors rapidly) as
the temperature 1s decreased are badly needed. For most ignition
systems the reverse 1s probably true, though lcLennan (24) has
reported a primer with a negative temperature coefficient. The
development of primers which adjust their energy delivery rate to
match the requirements of the propellant over a wide temperature
range should be an important step in obtaining satisfactory
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ignition over a wide temperature range. It is also obvious that
the temperature at which the highest rate of transfer is needed
will sometimes coincide with the point at which embrittlement of
the propellant has decreased 1ts resistance to physical shock,
Great care must thus be taken in such negative coefficient systems

A to ameliorate shock as far as possible.

It has already been mentioned that the thermal properties of
a propellant which determine the amount of energy required to reach

L a given surface temperature under a given flux may be as important
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as the chemical properties which determine the temperature necessary
for ignition. It is hoped that thermal data will become avallable
for all propellants or at least a much larger range of propellants.
This should permit a clearer assessment of the relative importance
of physical and chemical properties in determining ignition energy
requirements.

VI SUMMARY

1. Methods have been developed which permit the evaluation
of smounts and rates of cnergy transfer to the walls of a compressior
chamber and to obJjects suspended within it.

-

2. These measurements showed that the rates (and amounts under
equal times) of heat transfer were indepondent of the nature of the
solid surface under the high gradients and short times of transfer
existing during a compression occurring in a few milliseconds.

- This independence should be general whenever the rise of the surface
temperature of the solid i1s small with respect to the difference
in temperature between the gas and the so0lid during the time of
transfer.

3o The ignition energies of twelve propelleants under
conditions adequate to cause ignition in three milliseconds have
been determined by applying the above type heat transfer calculations
to propellants ignited in our compression apparatus., These values
: were all much smaller than ignition energies found by others under
% conditions which gave much slower ignitions.

4. By combining some of the above data with other data for
slower ignitions we have been able to show that ignition energies
end times continuously and regularly decrease as the rate of heat
transfer is increaszed. This relationship holds for ignition
intervals ranging from 30 seconds to 3 milliseconds based on
experimental data and can be reasonably extrapolated to 100
microsecond intervals. This covers tha entire range encountered
in gun and rocket ignitions.

5. A thermal theory of ignition is presented which should
X be applicable to a wide range of ignition problems. A graphlc
mcdel embodying this theory is given. This can be very useful
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for such purposes as calculating ignition energles and times under
various rates of energy transfer and ambient temperatures of the
propellant. '

6. The ignition energy data and theory clearly bring out the
practical importance of certain factors. The influence of the
product of the area of a propellant and its ignition energy per
unit area in determining the amount of energy which practical
ignition systems need to supply should be investigated. This
shows some promise of forming a scientific basis for determining
the amounts of energy which practical systems should provide.

The change in ignition energy requirements with the rate of transfer
of energy to the propellant must be recognized in practical
ignition system designs. The development of ignition  systems with
nsgative temperature coefficients is needed to counterbalance the
increase in ignition energiss of propellants with a decrease in
temperatures. Thermal properties of propellants may be quite
important in determining ignition energies. Further studies of
these properties may have considerable practical value.

21
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TABLE IT
IGNITION ENERGIES® OF PROPELLANTS

.

D ac g i MES e ot e it

Ignition Energles

AT g cal/cm
2 Propellant Heliun Argon Average - 110%
? _ . . of Average
i Arcite - 141 1,117 .116 117 .129
;' JPN .239 .202 .221 23
é IHBE-152 .278 .202 .240 264
x IX-94 .285 . 200 243 .267
: Arcite-178 .270 .25, 262 .288
;f,.
; SPDN-9836 .285 224 .255 .281
£ . N-4 .329 .252 .29 .320
£
f N-5 .296 .270 .283 .311
| IMR-6962 .288 .266 2T .305
‘.
; 0GK .370 .286 .328 .361
f_ SPCG-7833 .358 .268 .313 .34
EX-7077 .350 >.299 >.325 >.356
t # 1Ignition energies are entered to 3 sig. fics. for greater
.t accuracy in statistical treatment, but individually 2 sig.
v figs. would be better,
1
4
>
P CONFIDENTIAL

fy

-




CONFIDENTIAL
NAVORD REPORT 3818

2
=
>
i W Z Wz 2w
°< -a b 4 oz -k
at = i b
w Zw 0 e z
[ we
“z = <8
2 Y XX X ANRY A < =] 5 -
N & R N
0505%%0%! @ ERXHKCX] .
9% %% % KK
00 % %0 %% 4 02505
XX X X] > 55 % 004
25 P KK
S S Ketetasetele
cn Z %&00000000.
%0000000000 = @ ¢ Lu9.9:5%%
25 . :
RS w
ROSSotetes o
KUKIKRER =
| 9:9.9.0.9.0.0.0¢0' <«
4
<
i
2

Jdw Jw

«- o p

== ==

“wn w o
~
o
o

JYNLIVEIdNIL 3¥NLIVEIJNIL
- -
- . Y ’
- . yd ——

ENTROPY

INTERMEDIATE, AND FINAL STATES KNOWN
CONFIDENTIAL

HEAT LOSSES DURING A COMPRESSION

INITIAL, ONE
FIG. I

(b)



P ey gy e -

|

My -, SRR

"
» . .\ .
od/d 9071 SA A/OA 901 294
od/d 901
0$1 00’
1 Jis ? Y i A T T T 7 T T
EeERiRncet TR T
e ) o i R .ﬁ 1 m |
"§3YVNDS LSV3T 40 b
QOHLIW IHL AG OINIAYILIO I¥IM e
NOSHY ONV WAIT3H ¥04 SANIT IHL 11
40 SNOILISOd 3HL NOISSIYJWOD 0 L
© O1ivEaYIAQV ¥O04 SV9 v3Ql ﬂ i
= $S07_LV3IH HLIM NOISSIYIWOD et
L™ TVLINIWINIAXI ¥O4 NODHY O ——- H
e §S07 LVIH HLIM NOISSIYIWOD r o
- x AVINIWIYIAGXI HOd WNITNIH X --=-oen 2l e r 2t
z ° $3NTVA IWVILING SILVOION! 0, LdI¥ISENS [~ : AR ' =
=R ¥3BWVHO NOISSINAWOD NI 38NSS3yded | | |1 [ | ' 1] i [ ﬁ A 1 I
I YIGWYHO NOISSIUAWOD 40 FWNTOAA (- ] =25 bt e |
=z Q0 - —_ - T e —— 1
@x : ! il NN LAl S O f Uikl INEFY s rfur P i R el (= |.«| o A S s l.;c. . L A, (1 ) N ) IEUE) (B0 e
8o P T*L~ 5 S 3
W - T Jhlf_fi..;+..i+!...m. ._| el L\\W\\. EEERREEE SEEEEE 1+
N H T b t T p M H T \,\\ g ] J H ] H A_v e e :l_
m. N J ﬁ.._w.f._ i ;I_ 4_ .A_\ .&.\”\ % E { ..Mi ..._ b = _ + .* I8
T K ¥ T NPT T v T
T Lo PR T R EEERSEREE:
“ Y 0 T N R 0 7 P2 . S R 0 0 O Y Tt 1%
4= R T._Li\vm\\uﬂm : . it | 11 i
R 70 O T 0 19 s (0 TR O i O O D O O I 0 W
n et 1 A 6
0% 95 M 5 28 0 55 08 M 1 O ENEEEEE S
P AmEninamEEEE SEREABEE |
: 3 T L 3 : | ]
SRaEPo s LR SEEais e HAT
T o 2 T A T : T 1
] S&, _i 1 e Aol i 34 5 ..._,.-LM..IH.;.H.-.- 1| T !
e 1= A T T T 15 R N Y 10 1 00 0 1 0= 3 O 20
R rHAT o i o i 2 0 Y B
..g. PR On 5 ,r&trz.fx.-...ﬂfiﬂf\‘v-«ﬂf..akry}.“r»n.wbw_rs....w...dhihwm.&....my...ﬁ.u.mnu,t_mh..fw i .ﬁyﬂnvﬂ»..qtikiyh.””m TSR REPHE R B

CONFIDENTIAL

tsr0

001

s A & R Lt

o

-



INVIT3dOHd 2-W HOJ XN A9HINI SA AOH3NI NOILINO! € 'Otd

03S ,N3/TV0 ‘¥/D

0001 001 [o]] s} 10

i'o
,_x T
N m TTITTT
N s AN FH
: : i
- Y O T e TIT ]
|Y/ﬂ . v T | — w LTS LR (R + ;.I
™N . 13 Bl
il 0 # N =t !
i o e e 8 ]
+ + | T X o1

7

CONFIDENTIAL

NAVORD REPORT 3818

T 1
1
i / _ “ | | | N._
e + SRLEA) 5, I (o DO | SO 2 L (SN P S| 7, 8 G e e (5l O .4 g
: ot ; PN : ot ° £
= ~ D R S |5 ) i VS i Uiral | g _ =, h sh m alefl =l uJ
] ] e b ® _ Kyt g 2
. — 1 TR T
1A=l -t —FF S BRI T . S Z
1 A ; : |
" ¢ L . | “Bego! ! T : % ©
L T | 5 L . i 2 —s .r.l*- |I.Ir1.1. PR U S
NOONY ONV WNN3H o e iy 0 1 “4._.“«... L0 o e e B o e
¥O4 3NTvA 39VY3IAV ] IE sl R o e i e e 9 I v et ) o

: i S5
HOSS3YdNOD 3MOYLS-03X001 — 11 Hﬂd

¥iv x e etk gT o Rt e (I B et i s .

N3OOHLIN ¥ | I
WNI3H o ;

NOILD3ANOD TVHNLYN )

20 %02 '°N %08 o
NOILD3IANOD 030804 L ol e i ) 5 P (S (S o S g (S SO (|

-. 3-....?. - ... x..-!.....-. i
[El= %r,, =
" ——Joo)

e e et e e et 0,

4 SeERE -



oA
plias
A=y
!
- * g
T
INVYI13d08d 2-W 40
NOILINSI ¥0d4 a34IND3Y 3WIL SA ASH3IN3 NOILINO! ¥ 'O14
(SaN023s) 1 901
2 [ 0 I-
) ) 5 A 6 ) I )G O
RREREH R e W b B B
8 S 1 O 1 L R 5 I I MESEE AR
H ft—r t t + o s + T - Y : X
ESRE IS EE IR RN M N A RO
9 Y O O L IR IS (R N e
i + it 4 i " . 2
o 060 .0 .0 i S , T2 I ;
= TR e T T T
® s .._., B L R : &) \y\ B [
am + il o 0 A T o [
< - g £ 58 15 B 0 L 3 P ﬁ_ i e M ) o1 ) [ O | N._
-3~ ]t r i Pl AT ] i - - =
Zz O iis NI - b HV siede |do o w R I R I : : .m o] m
W 1 B RME 2oL I I I A A B 3 ! = &
Qe N L AR % 5. KL A 0 Al o i - =
e e I e R TR TR _ c
o EEREY, .o P : . I ! : 1 © =
3o T T T P : . B o
2% WS e -l oo o el - @
> | IS I NOONY GNvV . AM3H ottt . —~ £
= P TH R Fbibird ¥04 INTVA 3¢ WIAV O |~ [ ] | e o
SERER u e _ sTf | ¥OSS3HAW0D 0L - 03HI0T [T R
jigs t-1 4 | vt Lilabial sl - 8Iv X | & h i 1 E ' > p ke
L sl _ J.g. N3OOULIN ¥ [t . i
A O e iy woraHo P b i e i
0 S L5 0 i W NOILO3ANOD WHNLYN [ 1 [ 1 ] | |-, | - i
i : !
e Ty e 20 %02'eN %080 R ﬂ L R EEE
NOILO3ANOD 03204 : L M
L4 - -} . 5 - “ “ i Sl el
B = 8 H
. 4 S5 = { |*v - 4 - el 0 o o et e e o o ”‘ :»l.._ 2] Li,_._ s
s T H t I H T N 4... :
D . 0 A B 0 1 0 i e

= e g a
g P ————

I

\ S ¥
Tamd /

- - =

H 7 £ iy ol s ¥ ‘4 oy S 1 cokde wul o i
jﬁ_&% S VA RO Ty PORE RIS T R e ke S st ettt 1 s B o 25 58 Kok R AR A s A

{

&

rs
B T Y L PP e

rd
¥

{5
R T



1NV113d04d 2-W 40
NOILINSI ¥0d Q34IND3Y 3WIL SA XN1d4 A9Y3N3 G 9Ol
{SANODI3S) § 900

CONFIDENTIAL
NAVORD REPORT 3818

CONFIDENTIAL

(03S ZWO/7Vd) 1/0 907

1 ) - 2- £-
T i i =T %
A PR A
+ ' T e T
Sl B _ HE o i ~ — | = A_ 4ot - _ “
sRAIEE SEEEIEENENATSNE RN PEENA N, 5 100 0 5 R A
i i % S ol s 5 5 i f
,_ Ade 1+ [ b PR i T “ i T
FE S O 0 L] o] g IEE
1 T A 0 0 O T T 3 1
i ! nﬁf M ! i i : - ! "
: [+
- ﬁ. = ] ek _ = ‘..._c&u.\;fﬁ“ nH ” M_M + - \M! W L. B . B ES) et ! f b l”
o 1 ‘ AM Mﬂ .vl - “l L, o “ ] “ g _ -4 m . — . .» M
(el 1 Bl i [ R R P 1 \ A |
-4 4 .,_ _ “ _ : m H nM m ! H ” _ “ ~ ._ 1 m _ - ot ﬂ
5 O L T O =Tl i W :
A H A RPN 1Y | o B 4 B ”
g 0 [ ol Pl bl o _ b { “ “ 4 M _/ facfedafd o] - Jd [ _ i i |
- | TR [, 0 S EN R S : - m " N .ﬂ | + | : :
- NOSWY any WnaH  ppberf bl e E e ]
lEE Y04 3NTVA 39VYH3AY O | 3 T R o G B
-+ e e e g R EEEE B S R ‘ o ( /ul. | i i 1 3
| | ]408838d W02 350818 - 035507/ 8l 8 SRS el i
L O v v e 4 }
[ 1] ol 6 O L 0 B R i TR B R R R
ot N39OYLIN V| | i 1 o I el ! i
i CGIREDE- I _ | Lo GEBgs SREEE]
1 N1LIIANOD IVHNLYN || ——+ R B EERCAEE N
W il 2 3 2 . e oy _ s . - e _ B i J1Ee] m R ..
ME 0 %02 '3N %080 i J—
4 NOIJOIANOD 032404 |1 ! ! ' | i P
) 3 e T & B Wi 7 T RE b IEEED
A ;m o i M - i _
s N b




TSR T B e TS Y e T 1 T

INV113d0dd 2-W 40
: NOILINS! HO4 Q34IND3Y 3IWIL SA 3¥NLVYIJW3IL NOILINOI 9°9ld

(SANOJ3S) 1 9071
' 0 '- 2- €- y-

. ) o e 52 L T O 5 1 O . ! S ]
] A e e
J ,Mlx B e v i ) . ,..L. ‘._..'“.li..t ‘ xw. wlT &6 B el i |_ 4 -+ -t - M m
T F q _ - T T
| SSSEaReNa R AN0 S AARNREREA S NN POMN N RN N AR RN A
] T _ g ek har AEEEAEA DR AR E RN
" B Bl R e
o ] i - w _f AR e b e i 1,
@® ; L ! | 1
o : ¥ H T 1 T < i T
- Eil I % 06 B 0 RN P __ _ o i -
= + T i t T 1 T + 5
R T T T T D e e R T g
% w — |_, AR Y 4_\ ! ¢ phal IBEEEE s L m kl m o
rlr « 1 : | : _ _ N | _r | | i wlm | .WI s 1 i T h _ . ! T { (2] M
Mm o ,,.Tﬂ +_ T.. i 111 o A i P 5
©9Q P EEN NP yIv X i) T i 1 0 O O = ©
<« 5 8 R 4 N3SOULINY AN 5 O T L L] R ERE x
=z : WNI3H O ; “ _

i -IM.. NOILD3IANOD vHNLVYN

T
i
el
i |
|
i
t
+
i
T
i
!
t
T

)
Ty _m 20 %02 ‘°N %080 = R IAEREN 11
il 0 O . NOILO3ANOD Q33404 A TN + ]
t il — v
T ] T T T T i 1 ¥
A T H R R e e e e "
+ RSO WS TS R e e | — 1 -
T i 7 S <
—1=1- -4 ld.l... ] ‘J‘ ..A B M st S S Bl B ..L_w |¢.I B Racl et ot ot o Ll. 4=
B ..Tl%f:w. .._o } [ ]!‘AT. B St Bl o st o i e B o R R B e e g o Y i =
R R ! ; | T4 T3
! ErEEL _ m _ R

. ;
i /
: nl!-_r\.. {10, _— . g o i . , i /

} ot PR R4 i : 4 (TR E k fLt Ve bty & U i 0 i e e it o 2
ks o Lot gt VS e il LY = oo A U B by P G 00 ) RA AN TN YR e i dad ki ¢ e hat % o e )
Sp T SRHGH RN HEI- SRR S v ® T R R oo sk L L

i ~. S—



*

(SNOILYINDIVO XMd A9H3INI ONV ‘3MNLYHIJWIL 30V4NNS ‘IWIL NOILINOI

o1 I'0 100 (saNO23S)

‘A9¥3IN3 NOILINOI HOJ) 1300 DIHJV¥9 L 914

1000 10000 .ooow.o
T T B2 B T 1 _
m ! . |l : AT A
1 | 18 | T S NN 2 ) 40 % O ' 1 0 R O \ L e
| 1 | = | \ | :
1 23S ZND/WO NI XN14 ASHINI = %3 i \\\.n T o
H 938 NI 3NIL + 3 i 55 g 1 I 57 . 6 6 5 B T Y
T 930 035 WO/ WD ,.01X 0v § + X i % 5 6 b Bt TPT i P
- 035/ ;N0 L0 X Sp'g = ¥ ; A — » h g
FH AN3IBNY 3A08Y NIATIN. | (&) « % : _ =g e -
HH NI 3unive3dN3L 3ovauns | 2 TR/ B3z i - E S o ;
S —> r i Pl
T T oS | T ™ Lol = i Tt}
g r — ? \\ — - “0 ~T——101
® | i ) ' i P
e " | MW...JI \\ ™ A‘ ’ \\ A7 \\ il % 84 ;
g f P a7 TR 08
=k 4 » L1 - vl
EE > X
EW. S i s N \\ ........ , “ ¢ g
m W L G Q Ul ..\
= — ! . \ - 240
Q 2 ~ ___ .\V.-‘ - > -3 ﬁmm ...\
o8 e T INLTIA \ <IN 4
AVA i p-— | - ~ m me
b 4 i ™~ | Lt P - z 5,
g % > 3 i
a J [~ = - e ™ P L - uo.l. wu
- — 7
_\\.. <IN AT \\Vﬂ/ TN LA ~ N . w
™ HEey M~ M~ LT ZalE 1 M
"N WdhSWpE A TN TN
= AN K PN
ot LS
- — - ! T
4 - . N5 1S Iﬁ .I._. = - !..“}.rr : = :
- \\_)f 1 t = _ - v - < 9 “ : J—. - . SN EERS f./ -
- | | %
» i..r;z_ﬁr _ 4 i A z S T e B M A o aaly ._.“_j.m “M ‘M q.“..w..l
-~ - - o MJ__HN d 1 =i
il I ] 4 i " q. FTRT S T
- Nt A : HOHEINTBUNMHIS N I L NOLLINO |
v ’ - . . .
i RaES S gzl T e e gl A DL e \
' / — T
> [ X, s =



 UNCLASSIFIED

i YN
mEeivam e, pi > O e
tnm ,;‘“ o Faslabites
2 Y s B S S iitedd R W 4. e

Gkl i~ o w_a

DISTRIBUTION LIST

SPIA Distribution List as Per JANAF Mailing List of
1 April 1955 - amplified as follows:
8 FOP C=37) eeveeeccesssossscesssasssossescocosansans 8%
4 for F-2)

British Joint Services Mission, Washlngton, D. C. )
Attn: Dr. C. G. Lawson, Via: Ad-8 .ececereciecceeneee ¢

Superintendent of Naval Post Graduate School,
Monterey, California ccceesscesccacssccscertecccsonsece i

Armed Services Technical Information Agency,
Dayton, ON1o .eeesccccesosscascssoacssccccsssocccssscsne )

Catholic University of America, 7th Street and Michigan
Ave., M. E., Washington, D. C., Attn: F. 0. Rice,
Via: ONR .o.....oo.o.o..........................0.oo.. 1

Industrial Research Institute, University of Chattanooga,
Chattanooga 3, Tenn., Attn: Mr. M. Gallagher,

Via: ONR v.vocecoecsccccscsssscosncssasscnssssssssscscsccosns

()

Cornell University, Department of Chemistry, Ithaca,
New York, Attn: F. A. Long, Via: ONR ...cccccccccnncens 1

Explosives Research Group, Institute for the Study of Rate
Processes, University of Utah, Salt Lake City, Utah,
Attn: Dr. M. A. Cook, Via: ONR ..ccccececrcraccoccncne

-

Los Alamos Scientific Laboratory, University of California,
P. O. Box 1663, Los Alamos, New Mexico,
Attn: Dr. Louls C. Smith, GMX-2, Via: ONR ..eceeceeees L

Princeton University, Project Squid, Princeton, New
Jersey, Attn: Librarian, Via: ONR ...ceccccceccccccece

=

Chief of Ordnance, Department of the Army, Research
and Development Division, Washington 25, D. C.,
ALtN: ORDTQ «.evveevecvssossonsassssososvasassncsocans

CLASS]

3 \ NTAM Y * =
t--wn_.ﬁ—--k“nn’-\.b,;;:‘» E;. i I 38 Pt ¥
idptt) “'f“"’ﬂ.‘f}‘ t--.-‘ e
N s B



INCLASSIFIED

oo




